. Two types of actions and Liberman 1989) and therefore may participate in the of norepinephrine on identified auditory efferent neurons in rat central control of hearing processes under both normal and brain stem slices. J. Neurophysiol. 78: 1800Neurophysiol. 78: -1810Neurophysiol. 78: , 1997. Whole extreme conditions. Our previous studies in which both imcell voltage-clamp recordings were performed on auditory olivo-munohistological and electrophysiological methods were cochlear neurons in the ventral nucleus of the trapezoid body used have shown that the VNTB is innervated by noradrener-(VNTB) of brain stem slices from neonatal rats. Each neuron was gic fibers and that the excitability of many neurons in the identified by retrograde labeling with Fast Blue injected into the VNTB is modulated by norepinephrine (NE) and by other cochlea. Bath application of norepinephrine (NE; 1-10 mM) reneurotransmitters (Wang and Robertson 1997b; Wynne and versibly induced an inward current in 26 of 38 labeled neurons . It is of interest to know the electrophysiothat were voltage clamped at 075 mV. This was responsible for the membrane depolarization to NE observed in current-clamp logical and pharmacological nature of the neurochemical mode. The NE-induced inward current appeared to be more promi-influences on these auditory efferent neurons in the brain nent at 055 mV than at 075 mV and reversed at around 0100 stem. Such knowledge may lead to a future understanding mV. It was attenuated but not prevented by 20 mM tetraethylammo-of how convergence and integration of auditory efferent and nium, and it persisted when the perfusate contained 2 mM Cs was also observed. The excitatory action of NE was blocked by the centrally rather than peripherally acting pharmacological a-adrenoreceptor antagonist phentolamine. The a 1 -adrenoreceptor agonist phenylephrine had an effect similar to that of NE. In 6 of agents. In the present study, by combining retrograde label-38 labeled neurons, an inhibitory action of NE (1-10 mM) was ing with slice patch-clamp recording techniques, we record observed that appeared to be due to an activation of an inwardly directly from identified auditory efferent neurons in the rectified K / current, which caused hyperpolarization of resting VNTB and provide direct evidence that they are targets of membrane potentials in current-clamp mode. This inhibitory re-NE modulation that involves regulation of K / channels. 
Wang, Xueyong and Donald Robertson. Two types of actions and Liberman 1989) and therefore may participate in the of norepinephrine on identified auditory efferent neurons in rat central control of hearing processes under both normal and brain stem slices. J. Neurophysiol. 78: 1800 Neurophysiol. 78: -1810 Neurophysiol. 78: , 1997 . Whole extreme conditions. Our previous studies in which both imcell voltage-clamp recordings were performed on auditory olivo-munohistological and electrophysiological methods were cochlear neurons in the ventral nucleus of the trapezoid body used have shown that the VNTB is innervated by noradrener-(VNTB) of brain stem slices from neonatal rats. Each neuron was gic fibers and that the excitability of many neurons in the identified by retrograde labeling with Fast Blue injected into the VNTB is modulated by norepinephrine (NE) and by other cochlea. Bath application of norepinephrine (NE; 1-10 mM) reneurotransmitters (Wang and Robertson 1997b; Wynne and versibly induced an inward current in 26 of 38 labeled neurons . It is of interest to know the electrophysiothat were voltage clamped at 075 mV. This was responsible for the membrane depolarization to NE observed in current-clamp logical and pharmacological nature of the neurochemical mode. The NE-induced inward current appeared to be more promi-influences on these auditory efferent neurons in the brain nent at 055 mV than at 075 mV and reversed at around 0100 stem. Such knowledge may lead to a future understanding mV. It was attenuated but not prevented by 20 mM tetraethylammo-of how convergence and integration of auditory efferent and nium, and it persisted when the perfusate contained 2 mM Cs was also observed. The excitatory action of NE was blocked by the centrally rather than peripherally acting pharmacological a-adrenoreceptor antagonist phentolamine. The a 1 -adrenoreceptor agonist phenylephrine had an effect similar to that of NE. In 6 of agents. In the present study, by combining retrograde label-38 labeled neurons, an inhibitory action of NE (1-10 mM) was ing with slice patch-clamp recording techniques, we record observed that appeared to be due to an activation of an inwardly directly from identified auditory efferent neurons in the rectified K / current, which caused hyperpolarization of resting VNTB and provide direct evidence that they are targets of membrane potentials in current-clamp mode. This inhibitory re-NE modulation that involves regulation of K / channels.
sponse was independent of external Ca 2/ and was abolished by 2-Some of the results have been briefly reported previously 5 mM Cs / or 0.5 mM Ba 2/ applied in the perfusate. The receptors (Wang and Robertson 1997a) .
involved in the inhibitory actions of NE are not clear. The effect was partially and reversibly blocked by propranolol (10 mM), a b-adrenoreceptor antagonist. However, isoprenaline (10 mM), a M E T H O D S b-adrenoreceptor agonist, failed to induce any effect. On the other
Retrograde labeling
hand, the inhibitory effect was irreversibly blocked by pretreatment with phentolamine (5-10 mM). Phenylephrine (5-10 mM) had Wistar rats of 5-10 days postnatal age were anesthetized with no effect. methoxyflurane or ether (in later experiments) and the cochlea on one side was exposed. 0.1-0.5 ml of Fast Blue (1% in distilled water) was injected into the cochlea through the round window
visualized under a dissection microscope. Rats were allow to recover from the operation and were kept 1-5 days before slice
The ventral nucleus of the trapezoid body (VNTB) and experiments. the rostral periolivary zone of the rat brain stem constitute an important source of auditory efferent projections to the Slice preparation inner ear (Aschoff and Ostwald 1988; Robertson et al. 1989;  Brain stem slices were prepared from 7-to 15-day-old rats with Vetter et al. 1993; Warr and Guinan 1979 ; White and Warr the use of a variation of a method described previously (Robertson 1983 ). In particular, these regions give rise to the medial 1996). Briefly, the animals were decapitated and the brain stem olivocochlear system, which projects bilaterally to terminate with attached cerebellum was quickly removed and placed in ice on the outer hair cells. This system has been shown, under cold artificial cerebrospinal fluid (ACSF). A block of tissue was a variety of conditions, to exert effects on cochlear sensitivity cut into 300-to 350-mm sections with a Vibratome (series 1000). and susceptibility to loud sounds (Collet et al. 1990 ; Giraud Two to three slices containing the VNTB were incubated in ACSF et al. 1995; Guinan and Gifford 1988a-c; Kawase and Taka- NE, phenylephrine, phentolamine, and propranolol were from Sigma. These drugs were dissolved in distilled water at concentrations of 10 03 M, stored in aliquots at less than 030ЊC, and diluted
Electrical recordings
in ACSF immediately before use. Lucifier yellow, TEA chloride Whole cell patch-clamp recordings were made from Fast-Blue-(TEA-Cl), EGTA, ATP, GTP, TTX, CsCl, CdCl 2 , and BaCl 2 were labeled neurons within VNTB with the use of an Axopatch 200B from Sigma. Fast Blue was from Dr. Illing, GMBH, Grossamplifier (Axon Instruments). Output data were low-pass filtered Umstadt, Germany. at 5 kHz and collected through a DigiData 1200 interface with the Unless otherwise stated, results are expressed as means { SE use of pClamp software (Axon Instruments). Patch pipettes were (n), where n refers to number of neurons. Data measurements and pulled from borosilicate glass (Clark Electromedical Instruments, analysis were performed with Clampfit (Axon Instruments). All Reading, UK; 1.5 mm OD, 0.86 mm ID) with the use of a Brown-statistics and curve fitting were performed with the use of SigFlaming P87 puller. Electrodes had tip resistances ranging from 2 maplot (version 3.0). to 4 MV when filled with a routinely used solution that contained Whole cell recordings were made from 51 Fast-Blue-lasium salt; Sigma) was added to the pipette solution. Seal formation beled neurons in VNTB. When the slice was perfused with between the tip of the electrode and the membrane of Fast-Blue-the standard external solution, the average resting membrane labeled neurons was directly visualized under a fluorescence micro-potential was 064.2 { 1.2 (SE) mV (n Å 28) as measured scope (1400; Leitz) and a successful recording was confirmed and in current-clamp mode immediately after establishment of validated if 1) Lucifer yellow filled the cell after the membrane the whole cell configuration. In voltage-clamp mode, whole patch was ruptured and 2) the membrane potential was more negacell currents, elicited with successive depolarizing and hytive than 055 mV. An example is shown in Fig 1. All experiments perpolarizing pulses from a holding potential of 055 mV, were performed at Ç25ЊC, temperature maintained by preheating consisted of at least five components. A large fast TTXthe reservoir solutions. During the experiment, the slice was perfused constantly at a rate of 3-6 ml/min with a standard external sensitive inward current was activated at around 040 mV solution that was composed of ACSF with the addition of 10 06 M and had a maximum peak at about 020 mV. A slowly develtetrodotoxin (TTX). All drugs were added into the perfusates of oped Cs / -sensitive inward current was activated at around separate reservoirs at the final concentrations and applied to the 065 mV and a transient rapidly inactivated outward current slices by switching reserviors. The time required for the new solu-was activated at around 045 mV and suppressed by 4-aminotion to travel from its reservoir to the chamber was 15 s to 1 pyridine. Finally, a slowly inactivating outward current was min. When tetraethylammonium (TEA) and CsCl were used, the activated at potentials more positive than 030 mV. This equivalent amount of NaCl was reduced to maintain ionic strength consisted of subcomponents that can be further dissected and osmolarity. Clamped membrane voltages have been corrected according to their sensitivities to blockage by 30 mM TEA.
off-line for junction potential that was measured according to Neher
Dissections of these currents were demonstrated by examin- (1992) .
ing the additive effects of known ion channel blockers. Typical whole cell recordings from a labeled neuron are shown in Fig. 2 . The whole cell currents of these labeled medial olivocochlear neurons are generally similar to those commonly observed and are well characterized in neurons of other brain regions (see for example Hille 1992).
The effect of NE was tested in 38 neurons. On switch to NE-containing perfusate for 30 s, two types of responses were observed. In 26 of 38 cells, when clamped continuously at 075 mV, NE induced an inward current that was responsible for membrane depolarization in current-clamp mode, whereas in 6 of 38 cells, an outward current to NE was observed that was responsible for membrane hyperpolarization. The remaining cells tested (n Å 6) showed no detectable responses to NE. of 055 and 075 mV were 091.8 { 27.8 pA (n Å 4) and time, the currents induced by both hyperpolarizing and depolarizing voltage steps were reduced in 17 neurons (Fig. 4 ) 075.4 { 27.8 pA (n Å 9), respectively (Fig. 3B ). The Ca 2/ dependence of these reponses was tested in two cells. and were virtually unchanged in 10 of 26 neurons. A doseresponse curve was constructed by measuring the net inAlthough not blocked by Cd 2/ (see below), the NE-induced inward current was attenuated to varying degrees in a zero-crease of the inward currents to various concentrations of NE at a holding potential of 075 mV and fitting to a hyperbolic Ca 2/ solution (the standard solution with Ca 2/ omitted and Mg 2/ raised to 4 mM). Recordings from one cell are shown equation (see legend for Fig. 4D ). A half-activation concentration of 8.8 { 1.4 mM was obtained with a maximum in Fig. 3C .
Excitatory actions of NE
The NE-induced inward current was further investigated activation of 0200.3 { 11.2 pA. With the use of the same voltage protocol (Fig. 4C) , the with the use of a voltage protocol that allowed both inward and outward currents induced by a voltage step to be moni-effects of the following chemicals on NE-induced inward current were tested; the representative results are shown in tored (Fig. 4C ). As shown in Fig. 3 , the neuron tested was held at 075 mV. Both hyperpolarizing (to 0127 mV) and Fig. 5 . First, phenylephrine, a known a 1 -receptor agonist, induced a response similar to NE in two of two cells tested. depolarizing (to 15 mV) pulses of 120 ms were applied at 10-s intervals. An inward current was evoked by bath The response induced by NE was blocked by pretreatment with phentolamine (3 of 3 cells; Fig. 5A ). Second, the inapplication of 1, 5, and 10 mM NE for 30 s. This baseline inward current was observed in all 26 cells. At the same wardly rectifying current was blocked by 2 mM Cs / in the 
, where I NE is obtained by subtraction of the peak inward current from the baseline current, C NE is the concentration applied, K d is the dissociation constant, and I max is the predicted maximal inward current induced by NE. Number of experiments at each concentration indicated in parentheses. K d and I max were 8.8 { 1.4 (SE) mM and 0200.3 { 11.2 pA, respectively.
perfusate, whereas NE-induced inward current still persisted rium potential of 099 mV predicted under the experimental conditions (Fig. 6A) . A further two experiments were carin the presence of Cs / (n Å 1; Fig. 5B ). Third, a similar inward current was also observed when 20 mM TEA was ried out to examine the involvement of calcium channels in NE actions. The slices were perfused with a solution in applied externally (3 of 3 cells); however, a small additive effect was seen in two experiments when 5 mM NE was which all the NaCl was replaced by an equal amount of TEACl. Under these conditions, an inward current was evoked at added into this TEA-containing bathing solution (Fig. 5C) . Finally, the NE-induced inward current appeared not to be voltages between 070 and 0 mV; this current could be abolished by 0.5 mM Cd 2/ and it therefore appeared to consist blocked by 100 mM Cd 2/ added into the bathing solution (3 of 3 cells; Fig. 5D ).
of voltage-dependent Ca 2/ currents uncovered by the replacement of NaCl with TEA-Cl. Although NE application did not produce any detectable change in the baseline current Current-voltage relationship of the excitatory responses when the cell was held at 075 mV, a voltage ramp from 0117 to 41 mV revealed a block of the Ca 2/ channels by As a first attempt at revealing the current-voltage (I-V ) NE in two instances. In one of these cells, the block of Ca 2/ relationship of the excitatory responses, a 500-ms voltage conductance was prevented by pretreating the cell with 10 ramp was conducted before and after NE application under mM phentolamine. A representative recording is shown in two different experimental conditions. Typical results are Fig. 6B . The subtracted NE-induced current showed a voltshown in Fig. 6 . In three experiments, with the slice perfused age-dependent activation from 070 to 40 mV, with peak at with the standard external solution, the whole cell currents around 050 mV. It is evident from these results that the NEevoked from 0111 to 42 mV were reduced by NE. The NEinduced inward current is mainly due to a decrease of K / induced current obtained by subtraction was active around conductance. In addition, NE also seemed to affect Ca 2/ the resting membrane potential and became more activated currents in these cells. at more positive potentials. This current reversed at 0101 { 3.7 mV (n Å 4), which is close to the K / equilib-A further three experiments were carried out to examine (A-D) . A: 2.5 mM phenylephrine induced a similar response to NE. NE-induced response was blocked when cell was pretreated with phentolamine. B: 10 mM NE induced an inward current in the presence of 2 mM Cs / in the perfusate that blocked the inwardly rectifying K / current. C: 20 mM TEA in bathing solution suppressed the voltage step-induced outward current and caused an inward shift of the baseline current. NE (5 mM) produced a further small shift of the baseline current. D: Cd 2/ 100 mM had no detectable effect on NE-induced responses. FIG . 6. Changes caused by bath application of 5 mM NE in whole cell currents elicited with voltage ramp (500 ms) under 2 different experimental conditions. A: in standard bathing solution, NE suppressed whole cell currents. NE-induced current, obtained by subtracting the control trace from the NE trace, is voltage dependent and reversed close to 0100 mV. B: in a different neuron, with all NaCl in the bathing solution replaced by TEA chloride (TEA-Cl), the whole cell current elicited from 0117 to 42 mV shows a prominent inward current with its peak at around 050 mV, which was attenuated by NE. Subtraction of the 2 traces revealed an outward current induced by NE, which activated at 070 mV, reached its peak at 050 mV and gradually declined to 0 at Ç40 mV. the I-V relationship of the NE-induced responses with the were still prominent in the Ca 2/ -free solution (data not shown). Both the baseline current shift and the increase of use of a voltage protocol that consisted of successive hyperpolarizing and depolarizing pulses from a holding potential inward current to NE were abolished when pretreated with 5 mM phentolamine, an a-receptor antagonist (2 of 2 cells). of 095 mV (Fig. 7B) while the slice was perfused with the standard external solution. A typical example is shown in However, in both cases, the block by phentolamine was not reversible on wash for up to 1 h. In another cell that showed Fig. 7 . Under these conditions, a reduction of the outward currents was observed when 5 mM NE was applied into inhibitory responses, 1-10 mM phenylephrine failed to induce any detectable response. On the other hand, when cells were the bathing solution (Fig. 7A) . In three experiments, the sustained outward currents were reduced by 30 { 5.1%, pretreated with 10 mM propranolol, a b-receptor antagonist, the responses to NE were also greatly attenuated (2 of 2 cells; which is significant as compared with the reduction in the transient outward currents by 18 { 4.0% (P õ 0.05). The Fig. 9A ). However, no response could be induced by 10 mM isoprenaline (2 of 2 cells), a b-receptor agonist. subtracted currents that were blocked by NE are also shown in Fig. 7B . The I-V relationship of the NE-induced current The inward currents evoked by hyperpolarizing voltage steps were blocked by 2-5 mM Cs / , a blocker for the (see Fig. 7C ) was very similar to that obtained by ramp tests (Fig. 6A ) in its voltage dependence and reversal poten-inward rectifying K / channels, in the perfusate (n Å 3), and also by 0.5 mM Ba 2/ added in the bathing solution (n Å tial, and both these techniques therefore strongly suggest that NE suppressed an outward K / current. 2). In these cases, the responses to NE were also abolished. It was noted throughout the experiments that although the inwardly rectifying current could be effectively blocked by NE-induced outward current (inhibitory action of NE) up to 2 mM Cs 2/ , a complete block of NE-induced responses An inhibitory action of NE was detected in 6 of 38 labeled required as high as 5 mM Cs / . It was also observed that neurons. A typical example is shown in Fig. 8 . On applica-the blocking by Ba 2/ was not fully reversible in both cells tion of NE in the bathing solution, there are at least two tested. Representative results are shown in Fig. 9 . detectable changes in whole cell currents recorded with the The I-V relationships of the inhibitory responses to NE were use of the protocol mentioned previously (Fig. 4C) : a posi-determined with the use of approaches similar to those mentive shift of the baseline current when the cell was held at tioned previously. When the cell was perfused with the standard 075 mV and an increase in amplitude of the inward current external solution, I-V relations obtained by both successive elicited by hyperpolarizing pulses to 0127 mV. At 5 mM voltage pulses (n Å 2) and voltage ramp (n Å 3) revealed a NE, an average shift of the baseline current was 24 { 5.2 reversal potential of 095.6 { 3.4 mV (n Å 5). Combining the pA (n Å 4) and the maximal increase in the inward current above results, the inhibitory action of NE appeared to involve was 57 { 9.5% (n Å 4). The time course of these responses mainly the activation of an inward rectifying current, which was similar to that of the excitatory action of NE. In the was prevented in the presence of 2-5 mM external Cs / . Represame cell shown in Fig. 8 , when tested in current-clamp sentative results are shown in Fig. 10 . mode, the cell resting membrane potential was hyperpolar- Fig. 4C and plotted against time. NE was applied 3 times at 3 concentrations as indicated. Major changes in whole cell currents are an increase in amplitude of the inward current that was elicited by hyperpolarizing pulses and a positive shift of the baseline current.
been examined in living animals (Liberman and Brown peak at Ç2-3 min during prolonged NE application. To minimize possible desensitization, we applied NE for 20 s 1986; Gummer 1985, 1988 ). However, detailed investigations of signal transmission at the neuronal to 1 min and allowed ¢5 min for washing before each repetitive test, which yielded good reproducibility of the NE level of the efferent circuitry have been hampered by the fact that these neurons are few in number and dispersively response. Nevertheless, the relatively slow perfusion of NE made it difficult to detect rapid desensitization if NE was located in the brain stem. In this study, we have for the first time demonstrated that patch-clamp recordings can be present. obtained directly from retrogradely labeled auditory efferent neurons in the VNTB. The excitability of these neurons was NE decreases K / currents and Ca 2/ currents in efferent directly modulated by NE. There are at least two types of neurons efferent neurons on the basis of their distinct responses to NE. These responses appeared to involve mainly regulation
The NE-induced inward current observed in the present study was mimicked by phenylephrine and blocked by phenof membrane K / conductance. In the majority of cells tested, NE selectively suppressed a type of voltage-dependent K / tolamine. It was resistant to block by Cs / and reversed at around 0100 mV, which is close to the K / equilibrium channel, caused membrane depolarization, and increased the cell excitability, whereas in 15% of cells an inhibitory effect potential of 099 mV predicted in the experimental condition.
These results are in agreement with those observed in culwas revealed that appeared to be associated with an activation of an inward rectifying K / channel. tured spinal cord neurons (Legendre et al. 1988) , dorsal lateral geniculate neurons (McCormick 1992), dorsal raphe There may be a number of uncontrolled factors contributing to the variability of responses to NE between cells. For neurons (Pan et al. 1994) , and facial motoneurons (Larkman and Kelly 1992) , and this indicates that the excitatory acexample, it is possible that adrenergic receptors are not restricted to the somata of the neuron recorded. If this is the tions of NE are caused mainly by decrease of an outward K / current via a 1 -adrenoreceptors. case, NE responses could be affected by poor space clamp on the distant synaptic sites, as has recently been reported On the other hand, the present results also revealed a voltage-dependent decrease in Ca 2/ current component by for reconstructed hippocampal CA1 pyramidal neurons (Mainen et al. 1996) . At present, however, there is no other NE. Inhibition of voltage-gated Ca 2/ currents (mainly N type) has recently been reported in sympathetic neurons information available on either the type or distribution of adrenoreceptors on the neurons we have studied. (Boehm et al. 1996; Carrier and Ikeda 1992) , nucleus tractus solitarii neurons (Ishibashi and Akaike 1995), and olfactory In addition, we do not know to what extent desensitization of receptors occurred because of the method of drug delivery. bulb neurons (Bischofberger and Schild 1995; Trombley 1992) , and is probably mediated by a 2 -adrenoreceptors inDesensitization of adrenoreceptor-mediated responses has been observed with repetitive applications of NE in neuronal volving both G protein coupling (see also Hille et al. 1996) and phorbol-ester-insensitive protein kinase C (Boehm et al. preparations (Diverse-Pierluissi et al. 1996; Scanziani et al. 1993 ). In our preliminary experiments, we observed that the 1996). It is likely that similar mechanisms are also present in the auditory efferent neurons in VNTB, and they may excitatory responses to NE started to decay on reaching their smaller and less stable in a zero-Ca 2/ solution. However, Attempts in this study to characterize the receptor involved in the inhibitory effect yielded results that are difthis appeared to be unrelated to the reduction of Ca 2/ influx through voltage-gated Ca 2/ channels, be-ficult to interpret. The rather small number of neurons exhibiting such an action of NE also made this aspect of cause the inward current still persisted in the presence of 100 mM Cd 2/ . A similar paradox has also been the study inconclusive. Thus the effect was attenuated reversibly by propranolol ( a b-receptor antagonist ) , in reported by Legendre et al. ( 1988 ) and receptor binding has been suggested ( Pan et al. Robertson 1997b ) , whereas it was not mimicked by isoprenaline ( a b-receptor agonist ) . The a-receptor antago-1994 ) .
nist phentolamine blocked the effect, but this was not reversible at the concentrations employed. In addition, the Inhibitory action of NE a 1 -receptor agonist phenylephrine had no effect in these cells, in contrast to its ability to reproducibly mimic the In Ç15% of identified efferent neurons in the present excitatory action of NE in other cells. Furthermore, we study, an inhibitory action of NE was clearly demonstrated found that the concentration of Cs / required to block the that seemed to be associated with an enhancement of an inhibitory action of NE was higher than that required to inward rectifying K / current. This result is similar to that block the inwardly rectifying K / current under control reported in neurons of the locus coeruleus, dorsal motor conditions. These results suggest that the inhibitory action nucleus of the vagus, and spinal cord (see Nicoll et al. 1990 of NE may be complicated and may involve more than for review), and recently in cerebral cortex neurons (Blanton one type of receptor or novel receptors so far not identified and Kriegstein 1992) and mesopontine cholinergic neurons (Williams and Reiner 1993) .
( see also Williams and Reiner 1993 ) .
J280-7 / 9k1d$$se64 09-04-97 16:18:15 neupa LP-Neurophys
Functional importance K / channels, the role of such Ca 2/ current inhibition in regulating transmitter release at presynaptic sites (Boehm et The existence of noradrenergic innervation of auditory Hille et al. 1996) within the VNTB circuitry needs structures in the mammalian brain, including the brain stem further investigation. and the VNTB in particular, has been known for some time (Klepper and Herbert 1991; Wynne and Robertson 1996) ,
